The role of transfer or sRNA in protein synthesis has been elucidated and amply reviewed.1-3 Distinct sRNA species for the different amino acids have been separated,3' 4 and amino acid specific aminoacyl-sRNA synthetases have been partially purified.5 As adaptor molecules6 the various sRNA's are direct intermediates involved in positioning amino acids in a correct linear sequence for polymerization into protein molecules. A prerequisite in assuring the correct positioning of an amino acid, therefore, is that the activated amino acid-synthetase complex recognize the correct sRNA molecule for aminoacyl-sRNA formation. Thus, each species of sRNA must have a site or recognition unit which distinguishes it from all other species of sRNA. In this report, recognition unit will refer to that series of nucleotides which is responsible for amino acid specificity, and references to coding will refer exclusively to these recognition units.
The role of transfer or sRNA in protein synthesis has been elucidated and amply reviewed.1-3 Distinct sRNA species for the different amino acids have been separated,3' 4 and amino acid specific aminoacyl-sRNA synthetases have been partially purified.5 As adaptor molecules6 the various sRNA's are direct intermediates involved in positioning amino acids in a correct linear sequence for polymerization into protein molecules. A prerequisite in assuring the correct positioning of an amino acid, therefore, is that the activated amino acid-synthetase complex recognize the correct sRNA molecule for aminoacyl-sRNA formation. Thus, each species of sRNA must have a site or recognition unit which distinguishes it from all other species of sRNA. In this report, recognition unit will refer to that series of nucleotides which is responsible for amino acid specificity, and references to coding will refer exclusively to these recognition units.
Data are presented in this report which indicate that the code used in aminoacylsRNA recognition units is not universal and which demonstrate interspecies degeneracy and ambiguity. Materials and Methods.-(a) Strains and media: Neurospora crassa wild-type strain 74A-OR (provided by Dr. F. J. de Serres) and E. coli B were used. Neurospora cultures were grown on Westergaard's and Mitchell's7 minimal medium containing 1% glucose. E. coli was grown as described by Nishimura and Novelli.8 (b) Preparation of enzyme fractions: Hyphae of Neurospora in the exponential phase of growth were collected on cheesecloth, washed once in cold distilled water, and immediately frozen in liquid nitrogen. The cells were disrupted by grinding in an electric mortar and pestle while frozen in liquid nitrogen. The resulting frozen powder was suspended in four volumes of medium A containing: 0.05 M Tris-HCl buffer, pH 7.7; 0.004 M magnesium acetate; 0.0125 M KCl; 0.01 M 2-mercaptoethanol; 0.35 M sucrose. Subsequent steps in isolation were carried out at 2-40C.
After stirring for 20 min, the extract was centrifuged at 15,000 X g for 30 min, and the supernatant removed and centrifuged at 105,000 X g for 90 min. The lipid layer was removed, and the supernatant made to 2% streptomycin sulfate and stirred for 20 min. Following centrifugation at 25,000 X g for 30 min, the supernatant was removed, made to 75% saturation with ammonium sulfate, stirred for 1 hr, and left in the cold overnight. The precipitate was collected by centrifugation at 12,000 X g, resuspended in medium A lacking sucrose, and dialyzed against 2 liters of the same, changing the outside medium at 45-min intervals for 4.5 hr. Following dialysis, the enzyme preparation was frozen in liquid nitrogen. The E. coli enzyme preparation was kindly provided by Dr. S. Nishimura and was prepared according to the method of Nishimura and Novelli. 8 (c) Preparation of sRNA: E. coli sRNA was prepared by the method of Ofengand et al.9 as modified by Nishimura and Novelli.8 . Aliquots of 0.1 ml were removed, and C'4-aminoacyl-sRNA was assayed by the filter paper disk method of Bollum.10 Disks were washed once in cold 10%/ trichloroacetic acid, three times in 5% trichloroacetic acid at 250C, twice in ethanol: ether (1:1) at 370C, and three times in ether. Radioactivity in the disks was measured in a Packard Tricarb liquid scintillation spectrometer.
(f) Preparation of radioactive aminoacyl-sRNA: The enzyme reaction was allowed to go to completion and stopped by the addition of an equal volume of water-saturated phenol. After shaking for 5 min and centrifugation at 20,000 X g for 15 min, the aqueous phase was removed and made to 2% potassium acetate with 20% acetate buffer, pH 5.0. Two volumes of ethanol were added, and precipitation was allowed to proceed for 2 hr at -20'C. The precipitate was collected by centrifugation and resuspended in water.
(g) Methylated albumin chromatography: Methylated albumin was prepared as described by Mandell and Hershey."' The columns were prepared and separations performed according to the method of Sueoka and Yamane,"2 modified in that the flow rate was adjusted to 1 ml/min and 0.8-ml fractions were collected.
(h) Chromatography of amino acids: Paper chromatography on Whatman #1 (n-butanolacetic acid-water, 5-1-4, upper phase) was used to distinguish among phenylalanine, tyrosine, and alanine.
Results and Discussion.-In the course of investigating homologous and heterologous"3 charging reactions,14 it became apparent that the Neurospora phenylalanyl-sRNA synthetase was capable of charging a larger fraction of E. coli sRNA with C'4-L-phenylalanine than was the E. coli enzyme. The data ( Fig. 1 ) indicated that the Neurospora enzyme was charging normal E. coli phenylalanine sRNA in addition to other sRNA(s) to which the E. coli enzyme could not attach phenylalanine.
In order to compare qualitatively the two enzymic products homologously charged C'4-phenylalanyl-sRNA and heterologously charged H3-phenylalanylsRNA were cochromatographed on methylated albumin columns. Figure 2 shows that homologously charged phenylalanyl-sRNA chromatographs as a single, sharp peak (as observed by Sueokal2). The heterologously charged sRNA, however, is seen to consist of at least three distinct species. Following methylated albumin chromatography, the radioactive amino acid was removed from the aminoacylsRNA by the procedure of Zubay'5 and quantitatively recovered as phenylalanine.
Thus, the observed chromatographic differences are not due to: (1) selection by the FIG. 1.-Homologous and heterologous phenylalanyl-sRNA formation. Conditions for incubation and assay were as described in Methods. In (A) duplicate reactions were initiated by the addition of E. coli enzyme, and the reaction was allowed to go to completion. At 18 min an additional aliquot of E. coli enzyme was added to one of the duplicates, and Neurospora enzyme to the other. Conditions and procedure for (B) were as in (A) except in that the initial enzyme addition was Neurospora enzyme. tion regardless of the degree of degeneracy. The effect of C'2-amino acids can be used to advantage, however, in demonstrating coding ambiguity. In the case of ambiguity, a single coding unit codes for more than one amino acid and, consequently, certain pairs of amino acids should compete for a single sRNA species.
Following this line of thought, the effect of individual C'2-amino acids (at a final concentration of 0.5 ,uM/ml) on heterologous phenylalanyl-sRNA formation was determined. Of the 18 amino acids tested (glutamine and phenylalanine were omitted), only alanine inhibited the attachment of phenylalanine to E. co/i sRNA, reducing the yield by -30 per cent. The presence of all 18 C1I-amino acids did not result in any further inhibition over that observed with alanine alone. It is pertinent to mention that neither the amino acid mixture nor L-alanine inhibit phenylalanyl-sRNA formation in either the homologous E. coli system or the homologous Neurospora system. Isolation of the E. coli C14-phenylalanyl-sRNA heterologously charged in the presence of L-alanine revealed that peak II was absent (Fig. 3) . Chromatography of phenylalanyl-sRNA charged in the presence of the amino acid mixture gave an identical profile. Thus, it appears that the sRNA of peak II is capable of accepting either alanine or phenylalanine from the Neurospora synthetases.
Species differences in amino acid specific sRNA's have been reported4 14, 16 as have chromatographic differences between homologously and heterologously charged amino acyl-sRNA's in other systems.4 14, 16 In the present report, three chromatographically distinct sRNA's are shown to have dissimilar amino acid recognition units: (1) peak I (Fig. 2) , which can accept phenylalanine from either the E. coli or Neurospora synthetase, (2) peak II, which can accept phenylalanine or alanine (as evidenced by the competitive effect of L-alanine) from the Neurospora synthetase, and (3) peak III, which can accept phenylalanine from the Neurospora enzyme only. Since each peak has a unique pattern of response, the three recognition units must differ.
These observations support the notion that the coding used to maintain amino acid specificity in the synthetase-sRNA recognition unit system is not universal. The Neurospora phenylalanyl-sRNA synthetase selects E. coli sRNA of peaks I, II, and III as acceptor molecules for phenylalanine. The E. coli enzyme, on the other hand, when confronted with the same selection of sRNA's, recognizes only one species (peak I) as phenylalanine sRNA. Such interspecies coding degeneracy would not be expected were coding identical in the two species. The apparent ability of peak II sRNA to accept either L-phenylalanine or L-alanine from the syn-thetases of Neurospora, but not from the homologous enzyme, indicates interspecies coding ambiguity and further supports lack of universality.
There are at least two alternative hypotheses which might be evoked to account for our results: (1) E. coli may have in vivo an enzyme or enzymes capable of activating phenylalanine and transferring it to peaks II and III sRNA, and these enzymes may have been inactivated or lost during preparation. This seems unlikely, however, as homologously charged E. coli phenylalanyl-sRNA in our experiments chromatographs exactly as that prepared by Sueoka and Yamane" in a system in which fractionation was minimal, i.e., cell disruption, centrifugation, and dialysis. Furthermore, similar treatments failed to inactivate the enzymes from Neurospora. This hypothesis also requires that peak II sRNA normally have an ambiguous recognition unit. (2) The possibility exists that the Neurospora enzyme preparation contains enzymes which can alter the recognition units of peak II and III sRNA so that they code for phenylalanine.
Surnmnary.-L-Phenylalanyl-sRNA has been prepared from sRNA of E. coli formed by aminoacyl-sRNA synthetases from both E. coli and Neurospora crassa. Cochromatography of the homologously and heterologously synthesized aminoacyl-sRNA on methylated albumin using phenylalanine labeled with C14 and tritium, respectively, provide data which indicate that the Neurospora enzyme attaches phenylalanine to at least three chromatographically distinct E. coli sRNA's: (1) an sRNA chromatographically indistinguishable from the normal phenylalanyl-sRNA of E. coli, (2) an sRNA to which it can also attach L-alanine, and (3) an sRNA to which only the Neurospora enzyme can attach phenylalanine. Following chromatography, the labeled amino acid has been reisolated and quantitatively recovered as L-phenylalanine. The observations suggest that the sRNA recognition units, by which the synthetase-amino acid complex identifies specific sRNA's, differ between species. Evidence for interspecies degeneracy, ambiguity, and lack of universality in this coding system are presented. To understand the details of the process by which the phage DNA serves as the template for synthesis of messenger RNA it would be helpful to isolate and study the properties of the putative DNA-RNA complex that arises in the infected host bacterium. The discovery of such a complex has been reported by Spiegelman, Hall, and Storck.1 In that work, E. coli were infected with P32-labeled T2 phages, and the infected culture was exposed to the RNA precursor H3-labeled uridine at early stages of intracellular phage growth. The nucleic acids were then extracted from the infected bacteria and subjected to density gradient equilibrium sedimentation in concentrated cesium chloride solution. The formation of a small H3-and P32-labeled "hybrid" band in the density gradient at a position slightly denser than that of the phage DNA was then taken to demonstrate the presence of the DNA-RNA complex. We have been unable to repeat this result with phage T4 (a close relative of T2) under conditions very similar to those employed by Spiegelman et al. The purpose of this communication is to describe these unsuccessful attempts, to report further experiments that show sources of artifact that lead to the formation of spurious "hybrid" bands in cesium salt density gradient sedimentation, and ter show that in our nucleic acid extracts of phage-infected bacteria no "natural" complex can be detected even under conditions that avoid the possibly disruptive influence of concentrated cesium salts. Indeed, if the in vivo DNA-RNA complex resembles the in vitro complex of DNA template and nascent RNA formed by action of RNA polymerase, then, as the following paper2 shows, the complex could not have survived the extraction procedure.
Materials and Methods.-Media: The glucose-minimal medium M93 was used for growth of bacterial cultures.
Preparation of P32-labeled T4: E. coli, strain B/r, was grown exponentially in H medium,4 labeled at a specific activity of about 1 curie per gram of phosphorus, to a concentration of 2 X 108 cells per ml and infected with one T4 phage per bacterium. After 3 hr, the culture was lysed with chloroform, and the phage purified by repeated cycles of differential centrifugation.
Preparation of nucleic acids: Bacterial pellets were suspended in lysing medium [0.01 M NaCl, 0.01 M ethylenediaminenitriiotetraacetic acid (EDTA) containing 2.5% sodium dodecyl sulfate (SDS)] and held at 370C for 10 min. The protein was extracted from this lysate three times with an equal volume of phenol, pre-
